Pharmacogenetics is genetic testing to optimise prescribing for individual patients. Warfarin is a potential candidate for pharmacogenetic testing as it is commonly used, has a narrow therapeutic window and its mechanism of action and elimination pathways involve receptors and enzymes that are polymorphic. Polymorphism is found in vitamin K epoxide reductase and cytochrome P450 2C9. Pharmacogenetic testing is not yet routine because alone it does not predict all the variability in a patient's response to warfarin so its contribution to improved clinical outcomes is uncertain.
Introduction
Pharmacogenetics refers to testing based on an individual patient's genetic variation for the purpose of prescribing drug therapy. If it can successfully individualise treatment, pharmacogenetics could have the potential to vastly improve health outcomes. However, there is a long scientific journey from noting a genetic alteration in a drug target or metabolising enzyme to predicting a clinically relevant change in health outcomes.
A patient's response to warfarin is influenced by their genome, so pharmacogenetics could be used to determine warfarin sensitivity. However, there are a myriad of non-genetic factors affecting the relationship between warfarin dose and health outcomes.
Warfarin
Warfarin is the most commonly prescribed anticoagulant drug for the prophylaxis and treatment of venous and arterial thromboembolic disorders. It is now routinely used by many patients with atrial fibrillation. There is therefore interest in whether testing for genetic variations in warfarin metabolism could be useful for predicting the optimum dose, reducing bleeding risk and reducing the time to achieve a therapeutic prothrombin time (expressed as the international normalised ratio (INR)).
The efficacy and safety of warfarin is critically dependent on maintaining the INR within the therapeutic range. 1 Treatment may be ineffective if the INR is low, but there is a sharp increase in the risk of bleeding when the INR is above the upper limit of the therapeutic range. 2 However, with current management patients remain on average within their target range for only two-thirds of the time. 3 This is likely to be because current warfarin-dosing algorithms do not incorporate genetic and environmental factors that affect warfarin concentrations and effects.
Different patients can have highly variable responses to the same dose of warfarin. In order to understand the wide inter-and intra-patient variability in response, it is necessary to consider the pharmacokinetics and pharmacodynamics of warfarin and the effect of age, size and diet.
Cytochrome P450 2C9
Warfarin is an equal mixture of the enantiomers S-warfarin and R-warfarin, with S-warfarin being approximately 3-5 times more potent than R-warfarin. Metabolism of S-warfarin occurs through the cytochrome P450 2C9 enzyme, while metabolism of the less potent R-warfarin occurs through CYP2C19, CYP1A2 and CYP3A4 (see Fig. 1 ). 4 Patients who metabolise warfarin normally are homozygous for the usual (wild-type) allele CYP2C9*1. Two other clinically relevant single nucleotide polymorphisms have been identified in CYP2C9 (*2 and *3). These result in reduced enzymatic activity and therefore reduced warfarin metabolism. The *2/*2 homozygous genotype leads to a 12% reduction in CYP2C9 activity and the *3/*3 homozygous genotype has less than 5% of wild-type CYP2C9 activity. These single nucleotide have a high likelihood of having a CYP2C9 variant allele (*2 or *3) and an increased risk of major bleeding complications. 5 A number of studies have shown that knowing the patient's genotype helps in both predicting the optimal dose of warfarin and achieving the target INR more quickly. 6, 7, 8 However, using this knowledge to predict dose may not necessarily reduce bleeding events. 7 
Vitamin K 2,3 epoxide reductase complex
Even after adjusting the warfarin dose for the variability in CYP2C9 status, there is still an amount of dosing variability in patients who have similar CYP2C9 alleles. This variability appears to be partly attributable to genetic polymorphisms in the C1 sub-unit of the vitamin K 2,3 epoxide reductase complex (VKORC1). This enzyme complex is the rate-limiting step in the vitamin K-dependent gamma carboxylation system which activates clotting factors. Warfarin exerts its anticoagulant effect by inhibiting VKORC1 (Fig. 1) .
A number of common polymorphisms in non-coding sequences have been identified in VKORC1. Polymorphisms of this receptor are associated with a need for lower doses of warfarin (see Table 1 ). 9 The VKORC1 genotype alone may explain nearly 40% of the variability in response to warfarin. 10 
Other genetic mutations
It is theoretically possible that point mutations in the genes for CYP2C9 or VKORC1 add to the variability in warfarin requirements when patients start therapy. There are at least two models which have demonstrated that the CYP2C9 and VKORC1 genotypes, together with known factors such as age and body size, only explain half to two-thirds of the inter-individual variability in warfarin requirements. 8, 11 Although this is an improvement on current non-pharmacogenetic algorithms, at 
environmental factors that affect warfarin dosage requirements
One of the difficulties with focusing solely on the effect of polymorphisms in the metabolising pathways of S-warfarin and vitamin K is that there are a number of non-genetic factors that affect the INR (Tables 1 and 2 ). Age, racial group and sex are well known, but increasingly recognised yet understudied is the effect of dietary and gut-derived vitamin K.
Vitamin K
Vitamin K is an essential cofactor for the normal production of 
Schematic diagram of the action of warfarin
Warfarin is administered as a racemic mixture of S and R enantiomers. Cytochrome P450 2C9 inactivates the more potent S-warfarin enantiomer. Warfarin inhibits vitamin K epoxide reductase, preventing recycling of vitamin K leading to partially carboxylated sub-or non-functional coagulation proteins. As an example of the model's utility, the estimated daily Table 2 Factors associated with higher warfarin requirements 
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